Background. Knowledge of risk factors for symptomatic human coronavirus (HCoV) infections in children in community settings is limited. We estimated the disease burden and impact of birth-related, maternal, household, and seasonal factors on HCoV infections among children from birth to 6 months old in rural Nepal.
Acute respiratory infections (ARIs) contribute significantly to pediatric mortality and morbidity worldwide [1] , resulting in 3.1 million deaths annually [2] . Pneumonia, a severe manifestation of ARI, is the single largest cause of death in children worldwide, accounting for 16% of all deaths among children <5 years of age [3] . Viruses are the leading cause of ARIs, accounting for up to 80% of all cases [4, 5] . Increased use of polymerase chain reaction (PCR) over the past decade has led to a greater detection of previously underrecognized viruses such as human coronaviruses (HCoVs). HCoVs have been detected worldwide from persons of all ages [6] . HCoVs are commonly associated with upper respiratory tract infections, cause up to one-third of all common colds [7, 8] , and can also cause severe lower respiratory tract infections, including pneumonia, in susceptible individuals [9] [10] [11] . There are 4 genera: alpha, beta, gamma, and delta coronaviruses. In the genus Alphacoronavirus, there are several species including HCoV-229E and HCoV-NL63. In the genus Betacoronavirus, species include HCoV-HKU1, HCoV-OC43, Middle East respiratory syndrome (MERS) coronavirus, and severe acute respiratory syndrome (SARS) coronavirus. HCoV-229E and HCoV-OC43 were first identified in the mid-1960s, with HCoV-NL63 and HCoV-HKU1 reported in 2004 and 2005, respectively. The 4 non-SARS/MERS species circulate widely in humans, whereas SARS-CoV and MERSCoV are thought to spread in animal reservoirs, occasionally spilling over to human populations [6] . The SARS outbreak of 2002-2003 was caused by SARS-CoV, a novel coronavirus. This worldwide outbreak brought attention to this family of viruses; the discovery of HCoV-NL63 and HCoV-HKU1 followed shortly thereafter. The subsequent outbreak of MERS-CoV beginning in 2012 led to a renewed interest in HCoVs and their potential severity. Despite the growing interest and molecular characterization of these viruses, important gaps in knowledge about HCoVs remain. Limited data exist about the epidemiology of HCoVs in young infants and in persons of all ages in community settings, as well as the relative clinical importance of the 4 human HCoV species.
Here we examined disease burden and risk factors for HCoVassociated ARIs among children from birth to 6 months of age using a prospective, active home-based surveillance assessing the impact of maternal influenza vaccine on respiratory illnesses in rural Nepal [12] .
METHODS
We conducted a secondary analysis of data from 2 community-based, placebo-controlled, randomized trials of maternal influenza immunization, conducted in rural Sarlahi district, Nepal, from April 2011 to May 2014 [12] . Overall, 3693 pregnant women were enrolled in their second or third trimester and followed with weekly home-based visits from the time of vaccination to 6 months postpartum. Maternal and infant morbidity was assessed for the 7 days prior to each weekly household visit, and a midnasal sample was collected if an infant had any of the following criteria defining an ARI episode: fever, cough, difficult or rapid breathing, wheeze, or a draining ear [13] . Swabs were collected and placed in temperature-stable Primestore transport medium (Longhorn Diagnostics, Austin, Texas), and stored for up to a week at room temperature [12] . The tubes were then transported to the local laboratory, aliquoted into cryovials, and later shipped at room temperature to the University of Washington Molecular Diagnostics Laboratory in Seattle, where the samples were stored at -80°C. For HCoV detection, nucleic acids were extracted and tested using real-time reverse-transcription PCR (RT-PCR) with previously described methods [13, 14] . An HCoV ARI was defined as the presence of respiratory symptoms for a minimum duration of 1 day plus a midnasal swab positive for HCoV by RT-PCR. A single ARI episode was defined as an illness episode followed by 7 symptom-free days. The incidence of ARI episodes was calculated by dividing the number of cases by days at risk from birth to the end of study or loss to follow-up, and are reported per 1000 person-years (PY) of observation. Days with symptoms and the subsequent 7 symptom-free days (an ARI episode) were excluded from days at risk. A single swab from each episode was considered for the analysis. Therefore, the number of swabs was equal to the number of episodes.
Gestational age was estimated by calculating the difference between the date of birth and the last menstrual period (LMP). Date of LMP was obtained by visiting women of childbearing age every 5 weeks and asking for the date of LMP [12, 15] . Infant weights were measured as soon as possible after birth by trained study team members using a scale accurate to 10 g (Tanita BD-585). The weight was considered to be a birth weight if taken within 72 hours of birth. Low birthweight (LBW) was defined as <2500 g. Preterm birth was defined as birth before 37 completed weeks of gestation. Small for gestational age (SGA) was defined as birth weight <10th percentile for gestational age using the Intergrowth reference population [16] . A 4-category composite score was created using the preterm and SGA variables. For instance, children who were born at term and were appropriate for gestational age (AGA) were categorized as AGA term, and those who were born preterm and were SGA were categorized as SGA preterm. Breastfeeding initiation time was divided into within the first day (day 0) and beyond the first day of life. A neonate was defined as a child <28 days of age. Maternal smoking was defined as whether the mother smoked cigarettes or bidis (local hand-rolled cigarette) in the 30 days prior to enrolling in the trial. Households were defined as persons sharing a cookstove and household density was defined as the number of persons per household and number of children aged <5 years per room. A composite socioeconomic score estimating wealth of a household was created using multiple socioeconomic variables and those indicating household wealth measured by ownership of land, animals, and household items. A binary score was created for each item and summed to produce a score. Wealth quartiles were then created based on this score [17] . A composite indoor pollution score estimating pollution from indoor cookstoves was also created. Seasons were categorized as summer-monsoon (June-August), autumn (September-November), winter (December-February), and spring (March-May). Poisson regression was used to examine the association between birth-related, maternal, household, and external characteristics and HCoV respiratory illness in infants, using PY at risk of infection as the exposure. Mixed-effects modeling was used to account for correlated data of repeated episodes per child. Bivariate regression was performed first for each of the risk factors. Factors from the bivariate analysis were then included in the multivariate regression. Two different regressions were run, 1 where HCoV cases were compared to anyone without HCoV (non-HCoV ARI and those without ARI who may or may not have tested positive for HCoV if they had been tested) (model 1) and a second regression where HCoV cases were compared to all non-HCoV cases of ARI (ARI cases who tested negative for HCoV) (model 2). Logistic regression was used to examine any association between HCoV and other respiratory viruses as coinfections. All analyses were done with Stata 13.0 software (Stata Corp LP, College Station, Texas).
RESULTS
A total of 3693 pregnant women were enrolled in the study from April 2011 to April 2013. Altogether, 3505 of the 3646 live-born infants were followed up for 1157.9 PY. A total of 4223 ARI episodes were detected in these infants, of which HCoV was detected in 296 swabs from 282 (8%) infants. These 296 HCoVpositive swabs included 103 swabs positive for HCoV-OC43, 78 positive for HCoV-HKU1, 70 for HCoV-NL63, and 19 for HCoV-229E. Species could not be determined for 26 HCoVpositive swabs. Fourteen repeat HCoV infections were also observed. Among these, 2 infants had 3 HCoV infections each in the course of the study. Median follow-up time overall was 175 days (interquartile range, 167-179 days) for an infant, and 53% of infants were followed through 180 days. Characteristics of the infants by HCoV and ARI status are shown in Tables 1 and  2 . Overall HCoV incidence among infants was 255.6 (95% confidence interval [CI], 227.3-286.5) per 1000 PY. The incidence per 1000 PY of the HCoV species was as follows: HCoV-NL63: 59.6 (95% CI, 46.4-75.4), HCoV-OC43: 87.2 (95% CI, 71.1-106.0), HCoV-HKU1: 65.6 (95% CI, 51.7-82.2), and HCoV-229E: 16.4 (95% CI, 9.9-25.6). Seasonal variation of HCoV infections was observed, with the overall incidence peaking in 2 winters and 1 autumn. The highest incidence was observed in the autumn of 2011 at around 750 per 1000 PY (Supplementary Figure 1) . Seasonality also varied among the HCoV species. HCoV-NL63 circulated every year of the study period and peaked around the autumn months. In contrast, HCoV-OC43 circulated in 2012 and 2013, and peaked around spring and late winter, respectively. Additionally, HCoV-HKU1 showed peak activity during winter of 2012, whereas HCoV-229E mainly occurred in early and late 2012 ( Figure 1) . Cough, fever, and wheeze were the most common clinical symptoms (Table 3 ). No differences Tables 4 and 5 and Supplementary Figure 2) . Crowding in a household (number of children <5 years of age per room) was also associated with an increased risk of HCoV infection (IRR, 1.13; 95% CI, 1.01-1.28). In addition, poorer households were seen to be at increased risk compared to wealthier households. An increased risk was observed among infants who were SGA and preterm compared to those who were AGA and at term, but this was not statistically significant. Being born in the monsoon season or infected between June and August lowered the risk of HCoV compared to other times of the year. No association was seen between HCoV incidence and LBW, maternal age, literacy, smoking status, caste, and the indoor pollution score. In a multivariate model comparing HCoV-positive cases with HCoV-negative individuals (model 1), the risk factors that were significant included infant age, the number of children <5 years of age per room, and birth outside the summer-monsoon season (Table 3 ). In the model comparing HCoV positive cases with other ARI cases that were HCoV negative, the factors that were significant were infant age and monsoon season birth. home-based surveillance study in rural, southern Nepal. HCoV incidence was significantly higher among older infants than neonates, and was positively associated with the number of children aged <5 years per room and births during non-monsoon seasons. Overall HCoV incidence peaked during 2 winters and 1 autumn in the course of the study. All 4 species were present with overlap in timing of circulation. OC43 had the highest incidence, followed by HKU1, NL63, and 229E. The lower incidence among neonates could be explained by either social factors or the presence of high levels of maternal antibodies at birth against all types of HCoVs that decline within a few months [17] . In our study, the increased risk was seen from 2 months of age and did not increase over time thereafter, suggesting that if maternal antibodies played a role, they waned relatively quickly. An increase in HCoV infections with age was also seen in previous studies [18, 19] . Gagneur et al [20] found no association between HCoV infections with gestational age and birthweight among 64 neonates, of whom 7 had HCoV infections and 57 were uninfected. However, this was a hospital study examining nosocomial respiratory viral infections among neonates admitted to the neonatal intensive care unit. In our study, HCoV incidence was positively associated with household crowding of young children. This has been observed by others [21, 22] . We did not observe any statistically significant associations between HCoV incidence and the other factors analyzed (infant sex, gestational age, birth weight, maternal age, literacy, smoking, parity, ethnicity, household wealth, presence of an indoor biomass stove). Our HCoV incidence was 255.6 per 1000 PY among study children. Previous studies of HCoV incidence in children have focused on different age groups, used a narrower definition of ARI, or had different follow-up schedules to our study. For example, HCoV incidence ranged from 77.1 per 1000 PY in Costa Rica to 17.6 per 1000 PY in Singapore among children aged 6 months to <10 years enrolled in an influenza vaccine efficacy trial [23] . The lower incidence reported in the trial could be explained by the inclusion of only febrile cases, conducting follow-up only every 1-2 weeks, and a wider age range. A study in Pakistan reported an HCoV incidence of 7.3 per 1000 PY in children aged 0-24 months with severe pneumonia under a fortnightly surveillance [24] . For comparison, when we repeated our analyses using only febrile cases, HCoV incidence was 82.3 per 1000 PY. HCoVs were found in 7% of all ARI episodes in our study, compared to 5%-18% in previous studies [24] [25] [26] [27] . We believe that weekly surveillance for morbidity assessment in our study minimized recall bias, allowing for better capture of ARI episodes. HCoV infections were seen throughout the study period with >1 peak per year. Large year-to-year periodicity in HCoVs was also observed over 3 years of surveillance. HCoV incidence peaked in 2 winters and 1 autumn, and reached a nadir in 2 summer-monsoon seasons. Similar seasonal trends were reported in Western Europe and the United States [14, 19, 28] . Among the HCoV species, HCoV-NL63 was detected in every year of the study and peaked around the autumn months, comparable to the seasonality reported in Hong Kong [29] . Frequency of HCoV-NL63 was highest in 2011 and 2013, which suggests that this species peaks every other year, similar to the pattern reported in Western Europe [30] . HCoV-OC43 circulated around spring-winter of 1 study year, similar to the seasonality seen in Western Europe/ United States [14, 19] ; however, this species also showed peak activity in the spring. HCoV-HKU1 was predominant in winter whereas HCoV-229E showed no particular seasonality. We did not see notable differences in symptoms or duration of illness by species, similar to Ogimi et al in a hospital-based population [31] . Of the 296 HCoV infections, 137 (46%) were coinfections with at least 1 other respiratory virus detected in the swab. This compares to coinfection rates ranging from 11% to 73.5% in previous studies [14, 19, 23, 32, 33] . Rhinoviruses were the most frequently codetected viruses, followed by bocavirus and RSV. A study of children aged <14 years with lower ARI in China [32] found HRV to be the most commonly detected virus in HCoV coinfections. A study of children aged 0-19 years with ARI found RSV to be the most commonly detected virus in HCoV coinfections, but HRV was not tested in that study [14] . We also found an increased rate of coinfections among nonneonates compared to neonates (91.2% vs 8.8%). We found a negative association between HCoV and HRV, RSV, and influenza viruses that were statistically significant after adjusting for other viruses and season of infection. This suggests that an infection by any 1 of these viruses could make it less likely for an individual to be infected by an HCoV. A similar relationship between HRV and HCoV has been reported previously in healthy children aged 6-24 months [34] and in individuals with ARI, nearly half of whom were infants aged <1 year [35] . The negative association between the viruses could perhaps be explained by the induction of interferons and other cytokines following infection by 1 virus, which could then prevent infection by the subsequent virus [36, 37] . Despite active surveillance, our study has several limitations. Swabs from asymptomatic infants were not collected, which could underestimate HCoV carriage but overestimate incidence. Very few studies have conducted active surveillance for asymptomatic infections in young infants, although these studies have documented 4% and 28% of nasal specimens positive for coronavirus in the absence of symptoms [27, 38] . Background rates of asymptomatic HCoV infection would also enable calculation of attributable fraction. This would provide further evidence of the association of HCoV infections and ARIs in infants; a higher attributable fraction would imply a stronger association. In addition, subjective maternal report of infant fever was used as a symptom for ARI instead of measured temperature. However, a previous validation study in this area showed good sensitivity and specificity of maternal report of fever [39] . The study was conducted in a poor, rural district with specific demographics, thus potentially limiting generalizability. However, this region is similar to many rural areas of north India, Bangladesh, and Pakistan and is representative of a large population residing within South Asia. Active home-based surveillance of infants in a rural South Asian setting showed that HCoV was associated with a substantial proportion of illnesses among infants. Knowledge of HCoV infections is limited in community settings and there is also a lack of data on infection risk factors. This study fills a gap in our knowledge of the epidemiology of coronaviruses, specifically in a rural, population-based setting in South Asia. Abbreviations: HCoV, human coronavirus; PY, person-years.
